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Abstract. This paper focuses on music and music-related cultural her-
itage typically preserved by opera houses, starting from the experience
achieved during the long-lasting collaboration between La Scala theater
and the Laboratory of Music Informatics of the University of Milan. First,
we will mention the most significant results achieved by the project in the
fields of preservation, information retrieval and dissemination of cultural
heritage through computer-based approaches. Moreover, we will discuss
the possibilities offered by new technologies applied to the conservative
context of an opera house, including: the multi-layer representation of
music information to foster the accessibility of musical content also by
non-experts; the adoption of 5G networks to deliver spherical videos of
live events, thus opening new scenarios for cultural heritage enjoyment
and dissemination; deep learning approaches both to improve internal
processes (e.g., back-office applications for music information retrieval)
and to offer advanced services to users (e.g., highly-customized experi-
ences).
Keywords: Cultural heritage · Digital technologies · Machine learning
· Music · Opera · Preservation · Promotion.
1 Introduction
The impact of digital technologies on the preservation, restoration, and fruition
of tangible and intangible cultural heritage is indisputable [7]. Music cultural
heritage has also been part of this digital revolution.
A particular emphasis has been given to the preservation and fruition of au-
dio documents, which poses non-trivial challenges, as these document require
several layers of contextual information to be preserved along with the audio
signal. Preservation of audio documents can be categorized into passive preser-
vation, meant to protect the original documents from external agents without
alterations, and active preservation, which involves the data transfer from the
analogue to the digital domain. Despite initial concerns about the use of digital
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recordings and digital storage media for long-term preservation, the traditional
“preserve the original” paradigm has progressively shifted to the “distribution
is preservation” idea of digitizing the content and making it available in digital
libraries [11].
The categories of passive and active preservation may be extended to the
field of physical artifacts, e.g., musical instruments [2]. Here active preservation
involves virtual simulations enabling new means of interaction with objects that
are otherwise not accessible, with important implications for museum exhibits
in particular. Presenting artifacts to the general public is a complex task: inter-
active museum installations can increase the engagement and participation of
visitors [23], and enforce new forms of learning. Ultimately, applying new tech-
nologies to interactive museum installations can create stronger consensus and
interest for the preservation of cultural heritage [27].
This paper presents the results of a long-standing project [15] on a specific
case study, the historical archive of the La Scala theatre of Milan (Teatro alla
Scala di Milano), one of the best known musical temples of the world. This is
a particularly interesting and challenging case, due to the the richness and the
heterogeneity of the documents and artifacts that are typically found in an opera
archive. The results achieved by the project so far provide the basis for reflect-
ing on the added values of digital technologies applied to the preservation and
exploitation of opera cultural heritage, and for proposing further developments
building on current research advancements.
The rest of the paper is structured as follows: Section 2 will describe the
background of the project, Section 3 will report the main results achieved by
the 10-years cooperation between La Scala and the LIM, Section 4 will present
a number of scenarios where digital technologies can help the preservation and
exploitation of opera cultural heritage, Section 5 will focus on machine learning
as a promising technology to give new value to archive materials, and Section 6
will draw conclusions.
2 Background
In its 35 years of activity, the Laboratorio di Informatica Musicale (LIM) of
the Department of Computer Science, University of Milan has established col-
laborations with relevant institutions active in the fields of music production,
research, and cultural heritage. Examples include, to cite but a few, Bolshoi
Theatre (Moscow), Ricordi Historical Archive (Milan), Bach Archiv (Leipzig),
and Paul Sacher Stiftung (Basel).
A particularly important partnership was the one with La Scala theatre of
Milan. Such a cooperation lasted more than one decade (from 1996 on) and
involved different competences and professional skills available in the LIM staff,
ranging from researchers dealing with sound and music computing to students
enrolled in the course of Music Informatics.
The performing activities of La Scala embrace operas, concerts, recitals, and
a number of other cultural events such as presentations and conferences. Along
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with production, this theater has also the goal of preserving its cultural heritage,
distributed across different organizational structures: the Music Archive (hosting
both scores and audio recordings), the Photo/Video Archive, the Sketch Archive,
the Costume Archive, the Set Design Archive, and the Properties Archive.
When the joint project started, the ICT revolution was in an early phase.1
As a consequence, most of the information contained in the archives was either
on paper or stored in magnetic tapes. In 1997, a pool of international sponsors
(Accenture, HP, Oracle, TDK, etc.) funded a project whose ultimate goal was
recovering, restoring and preserving the musical heritage of La Scala theater,
through a comprehensive digitization campaign and the creation of an on-line
database for their retrieval.
In this framework, the cooperation between the LIM and La Scala mainly
achieved three results:
1. The preservation and restoration of the historical audio archive, counting
about 5000 open-reel magnetic tapes recorded since 1950;
2. The release of advanced computer-based solutions to foster quick and effec-
tive access to information. This part of the project included both a compre-
hensive relational database to federate heterogeneous contents coming from
different archives and an experimental platform aimed at providing multi-
modal access to information (e.g., via queries by humming, symbolic inputs,
etc.);
3. The design and implementation of an integrated asset management system,
called LaScalaDAM, embracing all the archives of the theatre. The idea was
to provide full network access via intranet to La Scala authorized staff, and
a filtered view (e.g., only selected items, at lower resolution and higher com-
pression, with watermarking, etc.) to the web users of a dedicated portal.
Even if focusing on different aspects – i.e. digitization, information retrieval,
and dissemination – all these experiences share a common goal, namely the
preservation and promotion of the rich and heterogeneous cultural heritage
owned by an opera house or a similar institution. The mentioned activities will
be described in detail in Section 3.
3 Achieved Results
This section focuses on the state of the art of the collaboration between La
Scala and the LIM, reporting the most relevant results achieved in the field of
opera-related cultural heritage.
1 If, on the one hand, the CD-DA standard for audio was available since 1980, on the
other the birth of the World Wide Web dated back to just 5 years before, and digital
cameras were not widely adopted in a professional context.
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3.1 Digitizing with the Aim to Preserve
The digitization campaign began in 1996 with a rescuing project addressing
the audio archive. This first step involved about 5000 open-reel magnetic tapes
containing opera, ballet and symphonic-music recordings from 1950 onward. To
this end, the LIM set up a digitization environment in a dedicated space at the
Department of Computer Science (see Figure 1).
In detail, a staff of experts prepared the tapes and – when needed – restored
them through thermal pre-treatment (see Figure 2), acquired audio content
through professional devices, converted and transferred them to digital media,
and collected and organized the corresponding metadata. Thanks to this joint
effort, about 10000 hours of music were recovered and preserved. Such recordings
include performances by world-renowned singers (e.g., Maria Callas, Giuseppe Di
Stefano, Mario Del Monaco, Pla`cido Domingo, Mirella Freni, Luciano Pavarotti,
Joan Sutherland, Renata Tebaldi, etc.), great conductors (e.g., Claudio Abbado,
Daniel Barenboim, Pierre Boulez, Victor De Sabata, Carlo Maria Giulini, Her-
bert von Karajan, Carlos Kleiber, Riccardo Muti, Arturo Toscanini, etc.), and
famous dancers and choreographers (e.g., Roberto Bolle, Alessandra Ferri, Carla
Fracci, Rudolf Nureyev, Roland Petit, etc.).
Since 1998, the digitization project was incrementally extended to all the-
ater’s archives, namely the costumes and accessories warehouse, the sketches and
costume-designs archive, the props warehouse, the photos and posters archive.
Currently, the digitized heritage of La Scala embraces about 24000 sketches and
costume designs, 45000 costumes, 60000 accessories (including jewels, clothing,
footwear, wigs and hats), and 80000 props. Moreover, the theatre’s activity is
documented in 17000 posters and in more than one million photographs taken
from the stage, rehearsals and back-stage.2 For each category, great artists are
involved; to cite but a few: Alberto Burri, Dino Buzzati, Salvatore Fiume, Renato
Guttuso, and Mario Sironi as sketch and costume designers; Caramba, Emanuele
Luzzati, and Franca Squarciapino as fashion designers; Alessandro and Nicola
Benois, Ezio Frigerio, Pier Luigi Pizzi, and Robert Wilson as set designers and
directors.
The number of digitized objects, the heterogeneity of the acquired materials,
and the stature of the artists involved make the cultural implications of this
activity evident. This is even more true since the long-term goal was not only
to preserve digital objects and their metadata, but also to organize, analyze and
disseminate them, as explained in next sections.
3.2 Analyzing and Structuring
Following the chronological order, in this section we will describe the two main
initiatives that characterized the collaboration between La Scala and the LIM
concerning the access to digital cultural heritage.
A first step, experimental and highly innovative at that time, was represented
by the Music Archive Information System (MAIS) initiative [12]. The goal of
2 Source: http://www.teatroallascala.org/en/archive/the-historical-archive.html
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Fig. 1. Devices for open-reel magnetic tapes in the LIM digitization studio: from left
to right, Revox A77, Revox B77 MKII and Otari MX-55.
MAIS was to allow content-based queries on available scores and audio materials,
so as to support artists in the preparation of a performance already present in
the archive. In detail, it was possible to retrieve all the scores and/or audio which
contained an exact sequence of notes or a similar one.
From a technical point of view, MAIS was a hardware, software and network
environment based on an Oracle 8 object-relational technology. Such a solution
was multi-platform, running under Unix, Windows NT and Macintosh operating
systems, and distributed, supporting 10 workstations. The environment included
also a CD-audio jukebox able to contain up to 224 compact discs and to provide
quick access to their content via network (see Figure 3).
The MAIS overall architecture is shown in Figure 4. The database was or-
ganized around single events (i.e., performances), and stored and linked related
metadata, audio materials (CD-DAs and tapes), and music scores. Both tradi-
tional and audio-based queries could be used to retrieve information. Designing
MAIS posed several challenges, ranging from large storage requirements to the
intrinsic complexity of the database, being the scenario characterized by a large
amount of music and multimedia unstructured data stored in a variety of for-
mats.
If on one side the MAIS project was an experimental environment address-
ing the theatre’s staff, a later initiative, called La Scala DAM (Digital Asset
Management), targeted a wider audience. This project, developed in coopera-
6 F. Avanzini et al.
Fig. 2. The Heraeus UT6200 oven used to
thermally pretreat magnetic tapes.
Fig. 3. The CD-R jukebox in use in the
MAIS project.
tion with the LIM and other technological partners, equipped the theater with
an integrated management system to access its huge digital heritage, from the
second decade of the 20th Century to present. In 2006, La Scala DAM was
connected to the theater’s intranet, thus supporting the everyday activities of
every sector and constituting an internal authoritative source for the creation,
production and documentation of each show. Based on a relational database,
whose structure is described elsewhere [14], La Scala DAM supplied integrated
views on performances that included metadata, sketches and costume designs,
costumes, footwear, jewellery, head-dress, props, fliers and posters, photographs
and audio recordings. A key page of the intranet application is shown in Figure
5, that provided a synoptic view of events with easily accessible links towards
all related metadata and materials. A second example is illustrated in Figure
6: from this view focusing on photographic material, it was possible to jump to
detailed photo descriptions, to enlarge images and to follow links towards other
sections (e.g., all the materials related to a given opera, all the titles in that
season, all the pictures taken in a date or by a photographer, etc.).
3.3 Disseminating
The cooperation between La Scala and the LIM paved also the way toward the
public availability and dissemination of preserved cultural heritage. In fact, an
evolution of La Scala DAM project mentioned in Section 3.2 was the opening
of the historical-archive section, called ArchivioLaScala, within the institutional
web site of the theater.3 Even if limited and simplified with regard to the huge
quantity of information contained in the complete archive, ArchivioLaScala rep-
resents the web-accessible page of La Scala DAM. The initiative addresses a
3 http://www.teatroallascala.org/archivio/
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Fig. 4. The MAIS architecture.
worldwide audience of scholars and enthusiasts who now have the opportunity
to access a relevant part of the cultural heritage of La Scala.
This kind of approaches has many practical consequences. The most obvious
one is to open cultural heritage archives usually accessible to experts and insiders
only. In addition to satisfying the curiosity of regular opera attendees, a long-
term goal concerns the involvement of a new audience. At La Scala this aim
is pursued by showcasing materials from the past together with teasers about
current productions.
Moreover, a suitable combination of digital materials and advanced tech-
nologies can be the first step towards information sharing for the constitution of
semantic networks capable to offer new services and improved user experience
[5]. Such an approach implies the concept of openness, in terms of accessibility
of knowledge, technology and digital resources. Unfortunately, cultural heritage
stakeholders often do not recognize the advantages offered by a shared access to
information, rather fearing the infringement of intellectual property and, more
in general, the loss of control over their own assets.
Conversely, once the digitization chain is established and tested, benefits
may come at a very little cost for the institution. For example, the coopera-
tion between the LIM and Archivio Storico Ricordi, aiming once again at the
preservation and promotion of music cultural heritage, has resulted in a number
of significant and profitable projects, including the publishing of high-quality
reprints of manuscripts and the organization of technology-empowered exhibi-
tions around the world.
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Fig. 5. The synoptic view of events. Fig. 6. A result page for photos.
4 Added Value of Opera Cultural Heritage
From the experience acquired working with La Scala and other musical institu-
tions, it is possible to infer the advantages that an opera house can expect from
the adoption of ICT approaches.
First, it is fundamental to preserve the past, also with the aim to provide new
value to cultural heritage and exploit archive materials. In this sense, digitization
campaigns conducted through professional devices and following international
standards are only the first step to take. For example, an underestimated aspect
is the need to monitor continuously the conservation status of media: contrary to
what common sense suggests, “digital” does not mean “everlasting”. As pointed
out in [9], preserving digital information is plagued by short media life, obsolete
hardware and software, slow read times of old media, and defunct standards.
The availability of cultural heritage in digital format can open previously
unexplored commercial opportunities to opera houses, going beyond traditional
editorial initiatives and merchandising. For example, new media products can
be conceived, containing a number of historical performances of the same opera,
all synchronized with different versions of the score. This scenario is made pos-
sible by a multi-layer environment (i.e., a format plus an application) for the
description of music information, such as the one mentioned in [4].
One further goal of a modern opera house is to enlarge its audience, and, in
this perspective, young spectators represent the future. Meeting the expectations
of digital natives implies implementing novel ways to let them experience the
show and offering advanced services. Moreover, the use of suitable techniques
to record live performances and the adoption of new network technologies to
broadcast them can extend the potential audience by overcoming the limits of
space and time distance. An example is augmented opera [5], i.e. the application
of augmented reality to opera live experience. An ad-hoc application installed on
users’ devices could present features such as automatic score and libretto follow-
ing with multi-language translation, dynamic identification of characters, links
to user-tailored content and external services, etc. In this way, the ongoing show
is enriched by already-available archive materials (e.g., scores, librettos, on-stage
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photos from the past, stage maps, etc.) in order to offer a more comprehensive
and engaging user experience.
A technology that in the near future will foster the promotion of opera cul-
tural heritage, embracing both new productions and archive materials, is the
one of 5G networks. Thanks to the expected characteristics of 5G – namely
improved bandwidth, reliability, and density of devices in an area – it will be
possible to release innovative services for mobile devices rich in multimedia con-
tent, supporting multimodal interaction, and highly customizable depending on
users’ requirements and special needs. The applications are manifold, ranging
from multi-angle and multi-track experience of opera to immersive navigation
inside performances [3]. Materials from the past can be integrated with ad-hoc
recordings and new digital objects within a unique environment, for both enter-
tainment and educational purposes [3].
It is worth emphasizing that, nowadays, a considerable problem for opera
houses is the economic sustainability of their activities. For example, La Scala
is still far from the goal of financial self-sufficiency, rather relying on significant
public and private funding to achieve a balanced budget. In this sense, both the
promotion of the preserved cultural heritage and the release of new services and
products based (also) on archive materials can be a low-cost solution to generate
income from already available assets.
5 Future Perspectives: Machine Learning for MIR
Purposes
In this section, we will focus on the application of machine learning to music
information retrieval (MIR) for opera cultural heritage, since it can represent a
promising approach both for scientific investigation (e.g., musicological analysis)
and for practical aims (e.g., multilayer content navigation and retrieval).
In this context, technologies can be employed to automatically process the
above-mentioned data sources in either a mono- or multi-modal way following
the line of thought described in [24]. In such a context, the MIR framework
can elaborate either on a single data source alone or on multiple ones at the
same time and facilitate several applications. With the noticeable exception of
the experimentation conducted in the MAIS project, indexing, retrieval and
navigation within the La Scala dataset is being carried out in a manual fashion so
far without efficient description of music content. Indexing and retrieval services
can automatically return information related to queries such as “locate measure
x in all the available recordings of a given piece”, “retrieve the performances
more similar to the one of a given soloist/conductor”, “find all a-capella music
pieces”, etc. Such queries need an internal characterization of music content
enabling tagging information related to melody, rhythm, harmony, expression,
etc.
During the last decades, MIR has been receiving ever-increasing attention
including on-line music services able to reply to such queries via interpretation
of musical content. Recognition of musical content, similar to generalized sound
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recognition, is based on the fact that each music piece has a characteristic way of
distributing its energy on its frequency content, which constitutes its so-called
signature [21]. MIR technologies offer automatic extraction of information by
processing the available audio signals as the main modality as well as compli-
mentary ones such as music scores, video of the performances, etc. Thus, it paved
the way for novel applications in the context of an opera house, such as:
– Music genre classification — Genre is one of the most widely-used descrip-
tions of music. The literature typically includes genres such as classical, reg-
gae, jazz, rock, etc. [18], but in the case of La Scala archive we can include
a more detailed characterization in terms of historical period, style, cultural
influences, etc. Such a categorization is subjective up to a certain extent,
but in this dataset we looked for overall agreement between experts of this
type of music. In general, music signals belonging to the same category share
several properties (instrumentation, rhythmic and harmonic structure, etc.)
allowing us to assume that each category groups pieces that sound similarly.
Features of particular interest here try to capture information associated to
instrumentation, rhythm, pitch, harmony, timbre, etc. [26].
– Music transcription — This specific application involves mapping the audio
signals of the La Scala archive to its complete score [6]. Such algorithms typ-
ically estimate the pitch and form the symbols accordingly. However, there
are several obstacles here, such as multiple notes emitted by the same instru-
ment or orchestral group, temporal overlapping of several instruments, etc.
For example, a reliable algorithm for music transcription could automatically
obtain the score of an improvisation (e.g., the extemporaneous cadenza by a
soloist), the underlying symbolic representation in queries by humming, the
audio-driven transcription of non-traditional graphical scores into common
western notation.
– Performer recognition — It is widely accepted that great soloists and con-
ductors are characterized by their own performance style. Even though there
is no formal and explicit definition of what style is, we can trace it back
to expression-related parameters like variations in dynamics (loudness) and
agogics (tempo), characterization of certain notes/passages, etc. This type
of information is not included in the music score, so its investigation is par-
ticularly interesting. Despite the subjectivity of the task, there are many
researchers who have employed low-level features and machine learning al-
gorithms to identify performers [10].
– Instrument recognition — This application encompasses the recognition of
both type and number of instruments included in a music piece [17, 13].
Such a high-level description comprises a useful information towards im-
proved organization/searching of the La Scala archive, since the ensemble
can characterize a piece, genre, historical period, etc. At the same time, such
information can boost the signal processing front-end facilitating multi-pitch
analysis, source separation, synchronization, and transcription [21].
– Music emotion recognition — This application domain is concerned with the
prediction of the emotion perceived by the audience of a specific music piece.
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Music, as a means of communication, evokes certain emotional responses.
Identification of the emotion on the listener’s side may be indicative of the
respective human reaction. To this end, appropriate signal processing and
pattern recognition algorithms can by employed [19].
This is a non-exhaustive list of scenarios, as the richness of the La Scala
archives is still under exploration and emerging applications might arise targeting
the particular character of such a cultural-defining theater. Interestingly, all the
above-mentioned applications as well as emerging ones can be viewed by means
of a chronological prism towards a historical analysis of various aspects including
how specific performers, performances, compositions, etc. have been evolved with
the passage of time.
As a general comment, feature extraction is typically carried out on small
parts of audio data (frames) where we assume that the signal holds stationary
properties. This assumption is not restrictive as vocal articulators, musical in-
struments, singers, etc. have an inertia that prohibits instantaneous changes in
the frequency content of the sound. As mentioned above, there are several fea-
tures serving various applications while a rather exhaustive summary is offered
in [1]. Interestingly, during the last years, following the boom of Deep Learning,
several researchers have tried to address MIR-related problems in an end-to-end
fashion, i.e. without any preprocessing/feature extraction step utilizing the au-
dio signal alone with promising results [20]. Such approaches remove the need of
designing handcrafted features based on domain knowledge since they elaborate
directly on the time and/or frequency domain [25] with the ability to automat-
ically characterize musical content [22].
Finally, deep networks allow generation of musical content as well [16, 8],
which could be a fruitful direction considering the relevance of La Scala perfor-
mances.
6 Conclusion
In this paper we have summarized the activities a long-standing project on the
historical archive of the La Scala theatre of Milan, emphasizing the most inter-
esting and challenging aspects of this specific case study, and focusing on the
main results achieved so far. Based on these, we have proposed a reflection on
the implications of this work, in terms of improved access to this heritage, aug-
mented experiences of operas, and novel commercial opportunities. Finally, we
have discussed a particularly promising direction of research, which leverages on
recent developments in the field of machine learning to support a variety of music
information retrieval tasks that can be fruitfully applied to several application
scenarios and open up new forms of interaction with opera cultural heritage.
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